Over the past decade, the concept of anaerobic processes for the treatment of low temperature domestic wastewater has been introduced. This paper uses a developed wastewater flowsheet model and experimental data from several pilot scale studies to establish the impact of integrating anaerobic process into the wastewater flowsheet. The results demonstrate that, by integrating an expanded granular sludge blanket reactor to treat settled wastewater upstream of the activated sludge process, an immediate reduction in imported electricity of 62.5% may be achieved for a treated flow of c. 10,000 m 3 d À1 . This proposed modification to the flowsheet offers potential synergies with novel unit processes including physico-chemical ammonia removal and dissolved methane recovery. Incorporating either of these unit operations can potentially further improve the flowsheet net energy balance to between þ 0.037 and þ 0.078 kWh m À3 of produced water.
INTRODUCTION
The UK water industry uses approximately 2 to 3% of the electricity produced nationally (Water UK 2006) . Over the past 10 years, whilst UK greenhouse gas (GHG) emissions have declined, the water industry's GHG emissions have increased by up to 30%. Interestingly, significant investment in energy efficiency measures has been undertaken by the water industry during this period; however, energy demand continues to grow due to population growth and the requirement to meet more stringent consent standards. As a consequence, the implementation of more advanced unit processes has increased resource demand and the release of environmental emissions (Foley et al. 2010) .
The capacity to innovate has, to some extent, been constrained by continuing to develop wastewater flowsheets centred on the activated sludge process (ASP) for municipal wastewater treatment. The ASP is a proven technology for both carbonaceous and nutrient removal; however, the net energy balance of the wastewater flowsheet is inherently linked to aeration efficiency, which is responsible for c. 55% of the electrical demand for wastewater treatment (Tchobanoglous et al. 2003) . In countries with moderate climates, a more holistic approach to the wastewater flowsheet has been developed (Sato et al. 2006 ) by integrating anaerobic pretreatment of the settled wastewater prior to aerobic biological treatment. Advantages of this flowsheet include additional production of biogas from solubilised organics, a reduction in aeration energy demand facilitated by the reduction in organic load and lower biological sludge yields (Lester et al. 2009; Sutton et al. 2009 Sutton et al. , 2010 . However, the low organic substrate concentration within combined sewers and low domestic wastewater temperatures have been perceived as constraints for widespread implementation of anaerobic wastewater treatment. These conditions can reduce the rate of organic biodegradation by anaerobic bacteria, negatively impacting on methane gas production and wastewater effluent quality, and as such may destabilise the anaerobic microbial community (Lester et al. 2009 ). However, several pilot scale studies have now demonstrated effective anaerobic treatment of low strength, low temperature domestic wastewater by utilising reactors that separate hydraulic retention time from solids retention time to improve retention of anaerobic bacteria and increase organic loading (Uemura & Harada 2000) or through manipulation of the flowsheet to increase organic strength of the feedwater (Lester et al. 2009 ). The scope of this study is to determine the impact that the implementation of anaerobic processes will have on the total wastewater flowsheet energy balance and to understand the implications for existing assets and future unit operations.
METHODS

Flowsheet modelling
Model parameters were collated from full-scale studies operating at a process scale of 10,000 m 3 d À1 . The modelling approach for biological aeration demand in this study was adapted from previously validated models (Charpentier & Martin 1996; Stokes et al. 2000) . A standard oxygen transfer efficiency of 6% and ASP hydraulic depth of 4.5 m were assumed. The mixed liquor suspended solids concentration was set constant and an iterative mass balance used to determine return activated sludge (RAS) and waste activated sludge (WAS) flow rates. At the default crude wastewater flow (10,000 m 3 d À1 ), centralised off-site anaerobic digestion (AD) facilities are more economically attractive; however, for the purpose of this investigation, on-site AD facilities were assumed (with no sludge imports) to complete the mass and energy balances. Heat losses from AD are, however, intrinsically linked to scale; therefore, for the heat loss calculations, the scale of the AD was increased to a value considered to reflect a centralised unit. Identical steady-state crude wastewater characteristics were assumed to exist (Table 1) for each of the six modelled flowsheet scenarios. An ASP has been selected to remove residual carbon and nutrient loads from the TN, mg L À1 10 anaerobic effluent. It is recognised that this may not reflect the optimum flowsheet design; however, this configuration is considered sufficient to demonstrate the scope of this study.
Flowsheet concepts
The benchmark is a conventional flowsheet comprising a nitrifying ASP coupled with anaerobic digestion (AD) of the produced sludge ( Figure 1a ). The first conceptual flowsheet ( Figure 1b ) incorporates fortification (Lester et al. 2009 ) by dividing the crude wastewater into two parts: the principal flow of wastewater passes through the primary sedimentation tank with a reduced settled wastewater flow to the ASP; the smaller flow of crude wastewater is fortified (blended) with primary sludge from the primary sedimentation tank and treated under low temperature anaerobic conditions. In this flowsheet, the only surplus sludge produced is from ASP. Therefore the waste activated sludge is disposed of by lime stabilisation and applied to land. The fortification concept was developed to increase the initial organic concentration of the domestic wastewater and allow an extended hydraulic retention time (HRT) to improve anaerobic biodegradation at low temperature. Primary sludge is pretreated (in this study using ultrasound) to maximise the concentration of soluble organic carbon. The second conceptual flowsheet (Figure 1c ) sites the anaerobic reactor upstream of the ASP and downstream of the primary sedimentation tank. The organic load onto the ASP is therefore reduced and the AD is retained for primary and secondary sludge treatment. The modelled data comprises six scenarios. Scenario 1 is the conventional wastewater flowsheet (Table 2) . Scenarios 2 and 3 integrate an expanded granular sludge blanket reactor (EGSB) for treatment of the settled wastewater and fortified wastewater respectively. Scenarios 2 and 4 compare an EGSB and an anaerobic membrane bioreactor (anMBR) for the treatment of settled wastewater. In Scenarios 1 to 4, the ASP is configured for nitrification only. Scenarios 5 and 6 utilise the data from Scenarios 1 and 2 to demonstrate the impact of meeting a total nitrogen (TN) consent of 10 mg L À1 . Under these conditions, a nitrifying/denitrifying ASP is modelled.
RESULTS AND DISCUSSION
Integrating anaerobic processes into the wastewater flowsheet
The fortified flowsheet exhibited a high parasitic electrical demand (Scenario 3) due to the application of ultrasound for pretreatment of the primary sludge. In addition, whilst the fortified EGSB demonstrated c. 52% COD removal, the effluent COD concentration was higher than the settled sewage. This increased the COD loading onto the ASP and raised the aeration demand to 26.5% higher than for the conventional ASP (Scenario 1). The resultant energy balance was compared with the conventional flowsheet, which demonstrated that an additional electrical import of 2,692.1 kWh e d À1 was required to sustain fortified operation. Fortification was subsequently reevaluated without primary sludge pretreatment. Under these conditions, methane production decreased by 49% due to a reduction in available solubilised organic carbon. However, COD removal within the fortified EGSB increased to c. 85%, which reduced the demand on imported electricity to À1,976.4 kWh e m À3 based on the lower aeration demand and removal of ultrasound pretreatment. To realise long-term stability in fortification, pretreatment of the primary sludge may be essential to counter low hydrolysis rates at 151C, as a solids retention time of 75 days has been proposed for this temperature (Zeeman & Lettinga 1999) . The impact of temperature on kinetics is reflected in the methane production rate from the fortified EGSB, which was c. 56% of the yield from mesophilic AD sludge treatment (Scenario 1). Future research is required to identify the effectiveness of low energy fermentative pretreatment to increase methane yield and reduce the parasitic electrical load. In practice, the advantage of the fortified flowsheet is the potential to minimise the volume of primary sludge to be exported; the net energy balance may therefore only need to compare to the conventional flowsheet to demonstrate viability. An increase in the flow of crude wastewater to the fortified feed will increase methane production and reduce organic load onto the ASP. To demonstrate, an increase in the crude wastewater flow to the fortified EGSB (non-pretreated) from 1,129 m 3 d À1 to 2,258 m 3 d À1 will reduce electrical imports by 8.5%. The flowsheet comprising EGSB treatment of the settled wastewater (Scenario 2) required the lowest electrical import of À398.8 kWh e d À1 . This compared with À1,046.4 kWh e d À1 for the conventional flowsheet, or a net difference of þ 647.6 kWh e d À1 . Integrating the EGSB for settled wastewater treatment increased electrical production by þ 347.5 kWh e d À1 in comparison to the conventional flowsheet. The parasitic electrical demand of the EGSB was À264.9 kWh e d À1 and resulted in a net electrical yield of þ 136.4 kWh e d À1 compared with the conventional flowsheet. This result demonstrates that integrating EGSB for the treatment of settled wastewater can result in an energy positive flowsheet. Interestingly, however, the total net energy reduction in Scenario 2 is more directly correlated to the reduced demand for ASP aeration ( þ 511.6 kWh e d À1 ) rather than the increase in energy production; improvements in anaerobic organic carbon removal may therefore be of greater significance than increasing low temperature methane production.
Implication of anaerobic process type for settled wastewater treatment
The anMBR consistently produced an effluent compliant with the specified COD consent of 125 mg L À1 (Scenario 4). This reduced the ASP aeration demand to 1,200.4 kWh e d À1 compared with 1,601.2 kWh e d À1 and 2,112.8 kWh e d À1 for the EGSB operated on settled wastewater and conventional flowsheet respectively. It is postulated that greater COD removal can be achieved using anMBR compared with the EGSB due to size exclusion by the immersed membrane (0.08 mm). However, to achieve anMBR effluent quality, an additional electrical demand of 2,700 kWh e d À1 (0.268 kWh e m À3 of produced permeate) is required to gas sparge the membrane. Similar energy demands have been demonstrated for aerobic MBR systems (Judd 2006) , although the suspended growth anMBR used in this study had not been optimised. Fawehinmi (2005) developed a granulated MBR for low temperature domestic wastewater treatment and identified very low fouling rates at a specific gas demand (SGD m ) of o0.05 m 3 m À2 h À1 or equivalent to c. 12.5% of the gas demand for suspended growth anMBR. Clearly, optimisation of anMBR configuration and membrane performance should be considered key research criteria, as inclusion of the SGD m reported by Fawehinmi (2005) results in a flowsheet net energy balance of À8.6 kWh e d À1 .
Evaluation of the solubilised COD distribution in the EGSB effluent (o1.2 mm) demonstrated that, provided particulate COD could be retained, the EGSB effluent could meet the COD consent. Research is required to evaluate the application of microscreens either upstream or downstream of the EGSB; microscreens have been successfully applied previously to the treatment of secondary effluent. Coarser mesh sizes ranging from 20 to 300 mm impose reasonable particulate retention and low specific energy demand compared with integrated membrane systems at c. o0.01 kWh e m À3 . In principle, implementation upstream of the EGSB may be more apposite since the retained solids stream could be directed to increase energy production from AD and may incorporate sufficient resilience to allow non-membranebased anaerobic systems to meet COD consent. To illustrate, based on 60% retention of the effluent particulate COD fraction, an additional 156 kWh e d À1 could be produced from AD.
Downstream biological treatment of the effluent
The aeration demand for the ASP treatment of settled wastewater (Scenarios 2 and 4) was reduced by up to 912.4 kWh e d À1 through applying anMBR or EGSB upstream. Under reduced organic loading conditions, nitrification exerts the greatest aeration demand of up to 67% and the oxygen demand for endogenous respiration increases (Charpentier & Martin 1996) . The aeration demand imposed by endogenous respiration is unavoidable and clearly incorporates an increased inefficiency in the residual electrical demand of the ASP. The selection of such an intensive downstream process is therefore more difficult to justify if the upstream anaerobic process can nearly reach the respective consent for biochemical oxygen demand (BOD), COD and TSS. Passive fixed film biological processes may be a more pragmatic and sustainable approach to achieve the ammonia consent. To illustrate, integration of a trickling filter (TF) into Scenario 2 would result in an immediate reduction in energy demand of 1,657.8 kWh e d À1 . More significantly, the synergy of EGSB with downstream TF would shift the net energy balance of the flowsheet from negative to positive, with an electrical export potential of þ 0.13 kWh m À3 of produced effluent. Passive systems are expected to be precluded when a total nitrogen consent must be achieved. Based on analysis of the organic carbon composition, approximately 5 mg L À1 and 8 mg L À1 of nitrate nitrogen could be removed from the EGSB effluent and settled wastewater respectively using the residual carbon. The aeration demand for the nitrification/ denitrification ASP (Scenarios 5 and 6) was therefore reduced by 15.4% and 48.1% for the conventional flowsheet (Scenario 1) and settled wastewater EGSB flowsheet (Scenario 2) respectively, which previously combined nitrification ASP only. Pretreatment of the settled wastewater by the EGSB reduced the concentration of available organic carbon and subsequently increased the demand for methanol to meet the TN consent of 10 mg L À1 . Consequently, the methanol import required for denitrification increased from 96.3 kg d À1 for the conventional flowsheet to 180.75 kg d À1 . This methanol demand does not impinge upon the net energy balance, however; with increasing pressure on life cycle inventories across the wastewater flowsheet, the additional methanol consumption approximates to a net CO 2 deficit of c. 0.12 tCO 2e d À1 (Foley et al. 2010) .
Provided sufficient BOD, COD and TSS removal may be facilitated by the low temperature anaerobic processes, further flowsheet permutations may be considered which incorporate non-biological downstream unit processes to meet the TN consent. Cationic ion exchange (IEX) resins have been previously investigated for application to AD return liquors (Thornton et al. 2007) . Advantages of applying IEX to the anaerobic effluent include low capital and operational costs and resilience under variable load and temperature conditions. To illustrate the impact on the net energy balance, for Scenario 2, a reduction in the net energy demand of þ 1,380 kWh e d À1 could be achieved. Assuming a worst case parasitic electrical demand for the ion exchange unit (based on upflow operation and 0.5 barg headloss), a flowsheet net energy balance of þ 783.3 kWh e d À1 is achieved with an electrical export potential of þ 0.078 kWh m À3 of produced effluent. Similarly, IEX resins can also be applied to treat phosphorus. Martin et al. (2009) demonstrated highly efficient phosphorus removal using a polymeric anion exchanger bound with hydrated ferric oxide nanoparticles for municipal wastewater treatment. Whilst biological phosphorus removal presents a less energy intensive contribution than for ammonia, where discharge consents for phosphorus apply, IEX can negate the demand for downstream enhanced biological phosphorus removal. The resultant product from IEX is a liquid concentrate comprised of both nitrogen and phosphorus, which can be marketed as a low cost source of base chemicals for industrial applications (e.g. fertiliser manufacture).
Methane recovery from the anaerobic effluent
A limiting factor for the implementation of high rate, low temperature anaerobic processes is the loss of solubilised methane in the effluent. In this study, at an operating temperature of 161C, an average dissolved methane concentration of 20.2 mg L À1 was detected in the EGSB effluent. This is c. 130% of the predicted saturation value using Henry's law (Cookney et al. 2010) . Gaseous supersaturation of anaerobic liquid effluents has been reported previously (Pauss et al. 1990; Hartley & Lant 2006) , and in this study fugitive methane losses accounted for c. 51% of the methane produced. Weichgrebe et al. (2008) theoretically modelled the impact of dissolved methane recovery and demonstrated that, provided complete usage of the dissolved biogas was possible, both the process energy and CO 2 balances were positive. However, the authors also postulated that a tipping point between 101C and 201C existed in which the raised solubility constant of the CH 4 produced a negative CO 2 impact. Using the standard factor of 0.43 kg CO 2 kWh À1 for grid produced electricity, a CO 2 reduction of c. 0.78 tCO 2e d À1 is achieved in Scenario 2. For comparison, based on the IPCC global warming potential of methane, the fugitive release of methane from the EGSB effluent in Scenario 2 is c. 4.3 tCO 2e d À1 . In a recent study, Cookney et al. (2010) successfully demonstrated c. 75% recovery of the dissolved methane from EGSB effluent. Using 75% as a recovery factor for Scenario 2, an additional 768 kWh e d À1 could be achieved, resulting in a net positive electrical energy balance of þ 369.2 kWh e d À1 or an electrical export potential of þ 0.037 kWh e m À3 of effluent produced. Interestingly, whilst the organic feed is dilute (cf. AD), due to the high liquid flow, provided dissolved methane can be recovered from the EGSB effluent, anaerobic treatment of the settled wastewater is capable of equivalent methane yields to AD (c. 125.6%). Further work is required to demonstrate the long-term performance and integration of this technology in addition to quantifying the extent of the parasitic electrical load.
CONCLUSIONS
Fortification may be a suitable route to sludge minimisation for small scale wastewater treatment works. Further work is required to study low energy sludge pre-treatment.
